The cross section of the process e + e − → µ + µ − was measured in the SND experiment at the VEPP-2M e + e − collider in the energy region √ s = 980, 1040
I. INTRODUCTION
The process e + e − → µ + µ − is the simplest process in the electroweak theory and at the same time it constitutes an important tool in the high energy physics. It plays a fundamental role for studies of the electromagnetic and weak interactions, electromagnetic properties of hadrons. This process was used for quantum electrodynamics (QED) tests, in electroweak interference studies, in leptonic width measurements of the I G J P C = 0 − 1 −− vector mesons and Z-bozon, for the study of the running electromagnetic coupling constant α(s).
The lowest order Feynman diagram of the process e + e − → µ + µ − in the energy region √ s < 2000 MeV is shown in the Fig.1(a) . In Fig.1 (b) the diagram of vacuum polarization containing virtual lepton and quark pairs is also shown. These virtual pairs effectively shield a full charge that leads to energy dependence of the electromagnetic coupling constant:
where Π(s) is the vacuum polarization. The vacuum polarization with leptonic pairs is computed theoretically in the QED framework, while the hadronic vacuum polarization is computed by using dispersion integral and the experimental e + e − → hadrons cross section.
The process e + e − → µ + µ − in the energy region √ s < 2000 MeV was studied earlier in several experiments. In Ref. [1, 2, 3] the tests of QED with low statistics were reported. In
Ref. [4] the cross section of the e + e − → µ + µ − process was measured with accuracy of about 1% in the energy region √ s = 370-520 MeV. The studies of the φ → µ + µ − decay were reported in Ref. [5, 6] .
For the studies of the process e + e − → µ + µ − with SND detector the most convenient energy region is √ s > 980 MeV. Here the value of the e + e − → µ + µ − process cross section is equal or higher than the cross section of the main background process e + e − → π + π − and the muons are detected with SND muon system. The SND results of the φ → µ + µ − decay study were published in Ref. [7, 8] . In this work the results of the e + e − → µ + µ − process analysis in the energy region √ s = 980, 1040 -1380 MeV, based on the integrated luminosity 6.4 pb
is presented.
II. EXPERIMENT
The SND detector [9] operated from 1995 to 2000 at the VEPP-2M [10] collider in the energy range √ s from 360 to 1400 MeV. The detector contains several subsystems. The tracking system includes two cylindrical drift chambers. The three-layer spherical electromagnetic calorimeter is based on NaI(Tl) crystals. The muon/veto system consists of plastic scintillation counters and two layers of streamer tubes. The calorimeter energy and angular resolutions depend on the photon energy as σ E /E(%) = 4.2%/ 4 E(GeV) and
The tracking system angular resolutions are about 0.5 • and 2
• for azimuthal and polar angles respectively.
III. DATA ANALYSIS
The cross section of the e + e − → µ + µ − process was measured in the following way. 
where N, σ(s) and ε(s) are event number, cross section and detection efficiency for the process e + e − → e + e − or e + e − → γγ.
3.
The cross section of the process e + e − → µ + µ − was obtained as:
Here N is the selected events number of the process e + e − → µ + µ − , IL is integrated luminosity, ε(s) is the detection efficiency, δ rad (s) is the radiative correction which takes into account the emission of photons by the initial and final particles [11, 12] .
The detection efficiency was obtained from Monte Carlo (MC) simulation [9, 13] . In order to obtain the detection efficiency of the e + e − → µ + µ − process, the MC events generator based on the formula obtained in the Ref. [14] was used. MC simulation of the processes e + e − → e + e − and e + e − → γγ was based on the formulas obtained in the Ref. [15, 16] . The simulation of the process e + e − → e + e − was performed with the cut 30
• on the polar angles of the final electron and positron. The cross section under these conditions was computed by using BHWIDE [17] code with accuracy 0.5 %.
The Feynman diagrams of the processes e + e − → e + e − and e + e − → γγ in the lowest order are shown in Fig.2 and 3 . The process e + e − → e + e − also contains the contribution from the vacuum polarization due to leptons and hadrons virtual pairs (Fig.4) , while the process e + e − → γγ does not have such contributions. Hence to obtain the deviation of α(s) from α(0), the process e + e − → γγ is preferable for normalization.
In this work the cross section of the process e + e − → µ + µ − was obtained based on integrated luminosities measured by using both e + e − → e + e − (IL ee ) and e + e − → γγ (IL γγ ) processes. The cross section of the process e + e − → e + e − in the angular region 30
150
• was measured by using integrated luminosity IL γγ :
where N e + e − and ε e + e − are the event number and detection efficiency for the process e + e − → 
A. Selection criteria
During the experimental runs, first-level trigger selects events of various types: events with charged particles and events containing the neutral particles only. In the first case, the trigger selected events with one or more tracks in the tracking system and with two clusters in the calorimeter with the spatial angle between the clusters more than 100
• . The threshold on the energy deposition in cluster was equal to 25 MeV. The threshold on the total energy deposition in the calorimeter was set equal to 160 MeV. In the second case, the events without tracks in the tracking system and with veto signal of the muon system and with total energy deposition more than 250 MeV were selected. During processing of the experimental data, the event reconstruction is performed [9, 18] . The reconstructed particles were sorted in the decreasing order of their energy deposition in the calorimeter. Further the first two particles were considered. They were numbered in the following way: in odd events the particle which has the higher energy deposition in the calorimeter was named the first one and in the even events the first particle was the particle with lower energy deposition.
The e + e − → γγ process events were selected by using the following selection criteria (below subscripts 1 and 2 denote the first and second particles respectively):
• N cha = 0 and N neu ≥ 2, where N cha , N neu are the numbers of charged and neutral particles (photons). Extra photons in the e + e − → γγ events can appear because of overlap with the beam background or due to electromagnetic showers splitting.
• 55
• , where θ is the particle polar angle
• .
• |∆φ| = |180
• , where φ is the particle azimuthal angle.
• E 1,2 /E 0 > 0.7, where E i is the ith photon (i = 1, 2) energy deposition, E 0 is the beam energy.
The events of the processes e + e − → e + e − and e + e − → µ + µ − were selected in the following way:
• N cha = 2. The events can contain neutral particles due to overlap with the beam background or due to electromagnetic showers splitting.
• |z 1,2 | < 10 cm and r 1,2 < 1 cm, where z is the coordinate of the charged particle production point along the beam axis (the longitudinal size of the interaction region depends on beam energy and varies from 2 to 3 cm), r is the distance between the charged particle track and the beam axis in the r − φ plane.
• |∆φ| < 10 • and |∆θ| < 10
• The region of 240
• was excluded, because this sector of the φ angle was not covered with the muon system.
• r 1 < 0.1 cm or r 2 < 0.1 cm. This cut strongly suppressed the contribution of cosmic muons in the events selected as
The last two selection criteria were not applied in the measurement of the e + e − → e + e − process cross section.
Finally the e + e − → e + e − events were selected by using cuts on the particles energy depositions E 1,2 /E 0 > 0.7. The selection of the e + e − → µ + µ − events was done by using the following cuts E 1,2 > 50 MeV and E 1,2 /E 0 < 0.7. In addition, each particle was required to fire the scintillation counters of the muon system.
B. Background determination.
The selection criteria described above allow to extract the events of processes e + e − → e + e − and e + e − → γγ without any significant background admixture. The data selected as events of the e + e − → µ + µ − process contain about 45% of the cosmic muon background. In order to extract the e + e − → µ + µ − events number n µµ , the distribution over the coordinate 5 ) was fitted by the sum:
where n is the total number of selected events, G(z) is the Gaussian distribution for e + e − → µ + µ − events with peak at z = 0 cm, C(z) is the uniform distribution for cosmic background events. The C(z) distribution was obtained by using data collected in special runs without beams in collider. The G(z) distribution was obtained in each energy point by using e + e − → e + e − events. The systematic uncertainty of n µµ determination was estimated by using distributions for the e + e − → π + π − and K + K − events instead of z-distribution for the e + e − → e + e − events in eq. (5) in the role of G(z). The difference in n µµ values obtained by fitting with various G(z) was found to be 0.5% and this value was taken as systematic error due to the cosmic background subtraction.
Besides cosmic background, the selected data contain events of the collinear e + e − → e + e − and e + e − → π + π − processes (the expected background from the e + e − → K + K − , e + e − → 3π, 4π, K S K L processes is less than 0.05%). The expected event number N ππ from the e + e − → π + π − process is less than 0.4% of the e + e − → µ + µ − event number and was estimated in the following way: where σ ππ (s) is the cross section of the e + e − → π + π − process measured by OLYA and CMD-2 [19, 20] , IL is the integrated luminosity , ε ππ (s) is the detection probability for the background process obtained from the simulation under the selection criteria described above. The source of error in the N ππ determination is an inaccurate simulation of the muon system efficiency. To estimate this error the e + e − → π + π − events were selected at the energy point √ s = 980 MeV (below the e + e − → K + K − reaction threshold) by using additional cuts:
• r 1,2 < 0.1 cm (for the cosmic background suppression).
• E and cosmic background suppression).
• The muon system was not fired by the first particle and no requirements for the second particle.
Under this conditions the e + e − → e + e − process background is negligible, the cosmic background was subtracted using z distribution. The following value was obtained:
Here N and M are the number of experimental and simulated events of the process e + e − → π + π − selected under described criteria, while n and m are the event numbers in which the muon system was fired by the second particle. The accuracy of δ ππ is equal to its value, due to the low statistics.
In the energy region above the e + e − → K + K − reaction threshold up to √ s = 1100 MeV the δ ππ correction can be obtained by using cuts on the dE/dx ionization energy losses in the drift chamber for the charged kaons background rejection. In particular at √ s = 1100
MeV it was found that δ ππ = 0.8 ± 0.5, and this agrees with the estimation presented above.
In order to estimate the systematic uncertainty due to inaccuracy of the N ππ subtraction, the probability ε ππ (s) in all energy points was multiplied by δ ππ = 0.4. Then the maximal variation of the measured e + e − → µ + µ − process cross section was 0.7%. This value was taken as the systematic error due to the e + e − → π + π − background subtraction.
The expected value of the e + e − → e + e − events background is about 0.2% of the e + e − → µ + µ − events number. The systematic error due to subtraction of this background was found to be negligible.
C. Detection efficiency
Uncertainties in the simulation of the distributions over some selection parameters lead to the inaccuracy in detection efficiency determination. In order to estimate this inaccuracy the experimental and simulated spectra were studied and compared using additional cuts.
These cuts were selected so that they were uncorrelated with the studied parameter and provided the distribution over this parameters without additional background admixture.
The muon system firing is the main cut for the extraction of the e + e − → µ + µ − process events. The comparison of the simulated and experimental probabilities of the muon system firing was done by using the following additional cuts:
• r 1,2 < 0.1 cm (for the cosmic muon background suppression).
• The muon system was fired by the first particle and no requirements for the second particle.
•
Then the following parameter was calculated:
where N, M are selected event numbers and n, m are the event numbers in which the muon system was fired by the second particle also. The cosmic background was subtracted using z-distribution. The coefficient δ sc is equal to 1.15 at √ s = 980 MeV and decreases to 1.0 at √ s = 1380 MeV. The detection efficiency of the process e + e − → µ + µ − at various energy points was multiplied by correction coefficient at this point.
The energy deposition spectra of the muons in calorimeter is shown in Fig.6 . The experimental and simulated distributions are in good agreement. No significant systematics were found due to the cuts on the energy deposition in the e + e − → µ + µ − process.
In the tracking system the particle track can be lost due to reconstruction inefficiency.
The probabilities to find both tracks were determined by using experimental data themselves.
It was found to be ε ee ≃ 0.982 ± 0.001 and ε µµ ≃ 0. by the luminosity IL γγ , the detection efficiencies were multiplied by coefficients ε ee and ε µµ .
The cuts on the r 1,2 also lead to some inaccuracy of the detection efficiency. To obtain the corresponding correction factor to the detection efficiency of the process e + e − → µ + µ − , the events of the process e + e − → π + π − were used because in the region r 1,2 > 0.1 cm the cosmic background dominates and for its rejection the muon system veto is required, which excludes the e + e − → µ + µ − events also. At the energies under study, muons and pions velocities are about the same and the drift chamber response on their passage is just the same. In order to exclude the events of the e + e − → K + K − process, the correction coefficient was obtained by using data collected at the energy √ s = 980 MeV. MC simulation shows that the ratio of event numbers with r 1,2 < 0.1 and r 1,2 > 0.1 is the same for e + e − → µ + µ − and e + e − → π + π − processes and does not depend on energy.
As a result, the detection efficiency of the process e + e − → µ + µ − was multiply by the correction coefficient δ µµ r = 0.982±0.005. The error is due to uncertainty of the cosmic muons background subtraction and it was added to the systematic error of the detection efficiency.
Analogously the correction coefficient δ ee r = 0.993 was used for the IL ee measurement. The energy deposition spectra in calorimeter for e ± and γ are shown in Fig.7 and 8 . The experimental and simulated distributions are in good agreement. The detection efficiency correction factor values due to the cuts E 1,2 /E 0 > 0.7 are usually less than 1%, but in some energy points it reaches about 3% and was taken into account for luminosity determination.
This corrections are the same for both e + e − → e + e − and e + e − → γγ processes -the average E, MeV value of the correction factors ratio is equal to 1.001 ± 0.001.
The ∆φ and ∆θ distributions of the e + e − → e + e − , γγ and µ + µ − events are shown in Fig.9 , 10, 11, 12, 13 and 14. As a measure of the systematic uncertainty due to the ∆θ cut, the following parameter was used:
Here n x (|∆θ| < 10 • ) and m x (|∆θ| < 10 • ) are the numbers of experimental and simulated events selected under the condition |∆θ| < 10 The variation of the ∆θ cut by 5
• for the e + e − → γγ process leads to the variation of the integrated luminosity IL γγ by 0.9%. This value was added to the systematic uncertainty of the integrated luminosity measurement. Systematic error due to the ∆φ cut was found to be negligible for all processes.
The polar angle distributions for the e + e − → e + e − , e + e − → µ + µ − and e + e − → γγ processes are shown in Fig.15, 16 and 17. The ratios of these θ distributions are shown in Fig.18 and 19 . The experimental and simulated distributions are in good agreement. The shapes of the distributions do not depend on energy and for all processes is almost the same for the angles θ ≈ 80
• . Using all collected data, the following coefficients were obtained
where N x and M x are the experimental and simulated event numbers in the angular range 55
• , while n x and m x are the experimental and simulated event numbers in the angular range 80 • < θ < 100
• . In order to estimate the systematic inaccuracy due to the cut on the θ angle, the following ratio was used:
This ratio was used as the correction factor to the cross section. For the process e + e − → µ + µ − , the δ θ is equal to 1.015 ± 0.010 and 1.02 ± 0.01 when it is normalized on the e + e − → e + e − and e + e − → γγ processes respectively. For the process e + e − → e + e − normalized on the e + e − → γγ events, δ θ = 0.995 ± 0.005. The δ θ error was included in the total systematic error.
The first-level trigger selection criteria for the e + e − → γγ process events included the absence of tracks in the short drift chamber (nearest to the beam-pipe). This leads to the trigger dead time due to the overlap of a background track. The trigger inefficiency of about 5% was hardware measured during the data tacking and was taken into account in the analysis.
In e + e − → γγ process events, the charged particle can appear due to the photon conversion on the detector material before the tracking system. As a measure of the systematic inaccuracy associated to this effect, the difference from unity of the following quantity was used:
where N and M are the photon numbers in the experiment and simulation; n and m are the photons in the experiment and simulation which had a track in the second drift chamber.
The probability to find a track was divided by 3 which is the ratio of amounts of matter between the drift chambers and before the tracking system. The result δ con = 0.998 ± 0.002
shows that the difference between photon conversion probabilities in the experiment and simulation does not contribute much in the error of the measurements.
D. Measured cross sections.
The cross sections of the process e + e − → µ + µ − and e + e − → e + e − are listed in the Table I .
The total systematic error of the cross section σ ee µµ (obtained by using IL ee luminosity) determination is
Here σ ef f is the systematic error of the detection efficiency determination, σ bkg is the systematic error due to background subtraction, σ IL is the systematic error of integrated luminosity determination due to inaccuracy of the e + e − → e + e − cross section calculation and σ rad is the uncertainty of the radiative correction calculation. The magnitudes of various contributions to the total systematic error are shown in Table II .
The total systematic error of the cross section σ γγ µµ (obtained by using IL γγ luminosity) determination is
Here σ IL is the systematic error of the integrated luminosity determination which includes the inaccuracy of the e + e − → γγ cross section calculation and the ∆θ angle measurement error. The magnitudes of various contributions to the total systematic error are shown in Table II .
The total systematic error of the σ ee(γ) cross section determination (of the e + e − → e + e − process in the angular region 30
The magnitudes of various contributions are also listed in Table II . The measured cross section of the process e + e − → e + e − (Table I) was fitted with the following expression:
where C BHW IDE is the coefficient calculated by using BHWIDE code [17] . The accuracy of calculation is about 0.5 %. C f it is the ratio of the measured cross section to theoretically expected (calculated) value and it was a free parameter of the fit. As a result, it was obtained that ( Fig.20) :
The measured value of the e + e − → e + e − cross section is in good agreement with calculation.
The e + e − → µ + µ − cross section was fited with the formula:
From the fit of the σ ee µµ cross section, it was found that C f it = 1.006 ± 0.007 ± 0.016, that agrees well with theoretical predictions. In the similar energy region √ s = 370-520 MeV, the e + e − → µ + µ − process cross section was measured by CMD-2 detector with accuracy about 1.5 % [4] . In this experiment the integrated luminosity was obtained by using e + e − → e + e − process. The C f it for this data was found to be C f it = 0.980 ± 0.013 ± 0.007. In order to compare the SND and CMD-2 results, the following ratio was used:
The difference between the SND and CMD-2 results (Fig.21 ) is 1.2 standard deviations.
From the fit of the σ γγ µµ cross section (Table I , Fig.22 ) it was found that C f it = 1.005 ± 0.007 ± 0.018. If the fit is performed fit with the average value < 1/α > as a free parameter, that is by using the function to fit data fit function:
σ µµ = 4π 3s 
V. CONCLUSION
The cross section of the process e + e − → µ + µ − was measured in the SND experiment at the VEPP-2M e + e − collider in the energy region √ s = 980, 1040 -1380 MeV using integrated luminosity obtained from the e + e − → e + e − and e + e − → γγ processes. The accuracy of the cross section determination is about 1.6% and 1.8% respectively. The ratio of the measured cross section to the theoretically predicted value is 1.006 ± 0.007 ± 0.016 and 1.005 ± 0.007 ± 0.018 in the first and second case respectively. Using results of the measurements, the electromagnetic coupling constant α was obtained in the energy region √ s = 1040 -1380 MeV: < 1/α >= 134.1 ± 0.5 ± 1.2. The cross section of the process e + e − → e + e − was also measured in the angular region 30
• < θ e ± < 150
• with systematic accuracy 1.1%. The ratio of the measured cross section to the theoretically calculated one is 0.999 ± 0.002 ± 0.011.
